
THIS REPORT HAS BEEN DELIMITED 

AND CLEARED FOR PUBLIC RELEASE 

UNDER DOD DIRECTIVE 5200,20 AND 

NO RESTRICTIONS ARE IMPOSED UPON 

ITS USE AND DISCLOSURE, 

DISTRIBUTION STATEMENT A 

APPROVED FOR PUBLIC RELEASE; 

DISTRIBUTION UNLIMITED, 



Armed Services Technical Information Agency 
Because of our limited supply, you are requested to return this copy WHEN IT HAS SERVED 
YOUR PURPOSE so that it may be made available to other requesters.   Your cooperation 
will be appreciated. 

'! 

NOTICE:   WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE 
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE 
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, 
USE OR SELL ANY PATENTED INVENTION THAT MAY Hi ANY WAY BE RELATED THERETO. 

Reproduced    by 

DOCUMENT SERVICE CENTER 
KNOTT BUILDING, DAYTON, 2, OHIO 



•• • .:-.•.-    •   ..- • • 

•.^;>;;.>  ''-''r/ii/V-vv 
:   -^ v.-;".; 
$•' ••' • !••%•%* 

•'"v^?:t;\ 

tfifv 
1 

•;•,;-- ,••• ., -; *>** 

'    .."'••,•   ••-'.     .'••• "¥• •••   .      .••    f'<    •.'    '  :     5-1 

.   •• • . .       < • -: : v- '., .  ';•• <:     .   /it,1*., 
•-  •-.'   ' ,.  V •    •-. ••.••:,. ,;'•" • •        ••        :..; 

i •:'•":;':-;.;: • • '   '  '•.'•- Ill 

•:.     '..    .   •-,,.: 

. ....•.;.•••,• l\ . 

EFFECT   Of: STRESS   ON CREEP:   : 

•. • r, '.•-'•.•. 

r, . 
• .; « 

•• . •   •:••>#£•''*.' • 

•.- )•••,;. 

HIGH   TEMPERATURES       <;      ;'    '|S 
> •    •, ,<J ,'.   &.$ v,:. •:•••.,• 

.', v 
*  -- 

•':     •   •       :' -":-' '•'.'•••. r • 

THIRTY 4 SEVENTH     TECHNICAL  ftPPORT 

•".'• i    '•.«••...'.' *   .'•• '••'.•'''•• 

8Y   ' •   •:<::' 
• t,. 

M> IAKS 
CO. WISEMAN 
0. 0. SHERBY 
J. E. DORN 

SEPTEMBER   i,  19 54 

• ...•''.<•<• ... ..*,  ... 

SERIES   NO 22    ISSUE NO 37 
CONTRACT   N7-0NR-295,   T.>0.1, Nfi - 03,1-^048 

i . .! I 

INERALS UnOESEARCH 
INSTITUTE      OF       ENGINEERING 

ABORATORY 
RESE/VRCH 

UNIVERSITY   Of   C A I-S FO RN IA, BERKELEY 

AH un 



.,-?-~r*iMinA ,»<wwm'^Mi>wjjM)W<tojB»aKW* 

V, 

t 
X 
i 

Septamber 1, 1954 

Office of Naval Research 
Department of the Nary 
Washington 25, D. C. 

Atr^tlONt    Mr. Julius Harwood 

Dear Sirt 

Attached hereto is a copy of the Thirty Seventh Technical 
Report Entitled *2ffsct of Stress on Creep at High Temperatures*. 
This report ires prepared under Contract M7~onr-295, Task Order II, 
NR-031-048. The wholehearted cooperation of the Office of Naval 
Research in making these studies possible is sincerely appreciated. 

Respectfully submitted, 

JoL£.$ crm 
/ Jibhn 
[     Jfrof 

Jphn '£>. Dbrn 
ofessor of Physical Metallurgy 

JEDtdk 



.   ~I~ -f3;-«^V*-  'ST-V • 

• ;- 

EFFECT OF STRESS ON CHEEP 

AT 

HIGH TEMPERATURES 

By 

H. Laks/1' CD. Tiiseman/2' O.D. Sherby/2' and J.E. Dorn'"^ 

Thirty Seventh Technical Report, Series 22, Issue 37 
N7-onr-295, Task Order II, NR-031-048 

September 1, 1954 

! 
(1) Formerly Graduate Student in Physical Metallurgy, University of 

California, Berkeley, now Metallurgical Engineer, Carboloy 
Department of the'General Electric Company, Detroit, Michigan. 

(2) Research Engineer, Institute of Engineering Research, University 
of California, Berkeley.     -,..-_. 

(3) Professor of Physical Metallurgy, University of California, 
Berkeley. 

~ i < lUIWi-|(Tfnrn- 

— -   



' 
•»WBy3^*:&8H»MMMBlWBHBSR5W •--».-•.:•»*( 

f 
ABSTRACT 

Experimental investigations revealed that the high temperature creep 

rate, t , is related to the stress, CT , by £ ~ 0" for low stresses and 

Bo- 
P. ~ e  for high stresses where n and B are constants Independent of 

the creep strain and tempeiatore. According to a preliminary dislocation 

climb model for high temperature creep, the activation energy for creep 

sheuld be that for self-diffusion and the effect of stress on the creep 

rate should depend on the number of active Frank-Read sources, and the 

rate of climb deperdis on the structure cs detercined by the pattern of 

climbing dislocations. Many of the experimental observations en high 

temperature creep can be accounted for by this model. 
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INTRODUCTION 

The creep of metals depends on the two externally adjustable variables 

of temperature and stress. Recent data^  ' emphasise that the effeet of 

temperature on the creep rate can be formulated to be 

-AH 
e ~ e RT 0" - constant. (1) 

where 

and 

£, - creep rate 

R • gas constant 

&H - activation energy for self-diffusion 

T " absolute temperature 

CT - stress. 

In spite of extensive study few definitive conclusions have yet 

matured on the effect of stress on the creep rate. Several factors have 

contributed to the vague opinions currently prevalent on the effect of 

stress on the creep rates 

1. Theory. The predicted effect of stress on the creep rate was 

based on unrealistic and immaturely conceived models of the creep phenomenon 

at high temperatures. 

2. Experiment. In general no attempt was made to correct for the 

fact tbat different substructures are produced during creep at different 

stresses. Consequently the observed effect of stress on the creep rate 

included the unknown effect of differences in structures. 

Theories of creep can be generalized into one of three major categories* 

1. Creep arises frcs the continued generation of dislocations. Under 

thess conditions the Becker-Orowanx  '' type of relationship holds where 

-N_(cr0-<T)* v 
2G-RT 

(2) 

UiW »<l»Will|. 
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and    a; - yield strength at T - 0 

(V • shear modulus of elasticity 

V - volume of unit under deformation stress 0" 

N - Avogadro's number. 

This relationship, howeTer, is contrary to the observed facts which sub- 

stantiate to.  1 and therefore insist that the temperature and stress terms 

on the creep'rate ar<» separable* 

2. Creep arises from thermal activation of dislocations over energy 

(10) barriers in the slip plane* Under these conditions the Kauzmann 

of relationship 

type 

£ ~ e Sin\ri 
RT 

(3) 

Is obtained where A depends on the length of the activated dislocation 

loop. This relationship gives 

and 

L ~ e 

£ ^J e 

R- 

4H 
RT 

RT "^ ' 

RT 
«.«. 

U) 

(5) 

where £>H depends on the barrier strengths. Tho relationship given by 

Bq. U does not agree with experiment because T is known not to enter the 

cresp relationship as -^  . 

3. Creep arises from stres3 relief at a Frank-Read source as a 

result of dislocation climb to new slip planes. Under these conditions 

Mott^"s"L' suggests a relationship similar to that given by Bq. U,  where AH 

is new that for self-diffusion. And Again this theory fails to agree with 

all of the facts. 

HMMemm ***~**w*mHm&m 
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Elaborations of generation or activation theories (1 and 2 above) 

for creep will not reduce their deviations from the facts. The dislocation 

climb theory (3 above) appears most promising since it predicts that &H 

should bs that for self-diffusion as is observed. It apparently contains 

a resolvable misconception of how the stress affects the creep rate. But, 

until this issue is resolved, it too must be considered inadequate to 

account for the facts., 

Examples of experimentally determined effects of stress on the creep 

rate are summarized in Table I. With the exceptions of the linear relation- 

ship of type A, all evaluations were conducted at the secondary creep rate 

and consequently are influenced by effects of structural differences in- 

troduced by the creep straining at different stresses. The linear rela- 

tionship given by Type A for low stress, however, was obtained under 

conditions where no initial plastic straining was obtained. Consequently 

the initial creep rates in these tests refer exclusively to the original 

annealed structure. Although these data are free from the objection* that 

have been raised against the remaining types, they are not definitive 

because any stress function whatsoever must become linear over a sufficiently 

narrow range of the applied stress. 

Decent investigations    on the affect of stress on the creep rate 

have been conducted under conditions where the structure was maintained 

c .stant, indicating that 

Bcr 43 a e **    ^ e (6) 

In these investigations each specimen was precrept under identical condi- 

tions to the same strain whereupon the stress was decreased to a new value 

OWWMMm—ii am 
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and the initial creep rate Immediately following the reduction in stress 

was measured. Hepetitions of this procedure for a series of new decreased 

stresses permitted correlations of the new initial creep rates as a func- 

tion of the new stresses. Inasmuch as the precreep conditions were held 

Invariant for any one series of tests, the structure L»i«»diat€ly following 

a decrease in stress was identical for all Bombers of the series. (Increas- 

ing the stress was purposely avoided because such higher stresses might 

have induced iassdiats straining which in turn would have modified the 

structure In a way that would have been dependent on the magnitude of the 

new stress.) Investigations under various precrept conditions revealed 

that 6 was insensitive to the stress, strain and temperature conditions 

of precreep as well as the instantaneous temperature. Solid solution 

alloying, however, gave lower values of B } the B values for a cold 

worked metal'21' were lower than those for the annealed state but they 

increased during creep and approached those of the annealed state after 

rather extensive precreep. These results insist on the separation of the 

temperature sensitive and stress sensitive portions of the creep rate 

equation. 

The dependence of the creep rate on th-i temperature and stress for 

a given structure, Bq. 6, might equally be written as 

CM 

e,e ^j    1 5mh Bcr (7) 

Then the creep laws over various ranges of stress would reduce to the 

following limiting relationshipst 

1. High BCT 6 e « r-j  e 
BO" 

(a) 

• 
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OH 
2.    Intermediate B<T £,G WT />j 1 si^K 60" (9) 

3.  Low BCT ie1^ ^ |^ (10) 

In fact, over sufficiently narrow ranges of strews in the intermediate 
o 

range of BO" , a 0* ]aw might also be satisfactory. If th« hyperbolic 

1-r10 sine law is -valid orer the entire stress range„ n of u  in the irter- 
1 

mediate range will vary dependent on the exact range of stresses livestigated. 

Although reasonably definitive confirmation has been quoted above for 
i 

the high and low stress laws for creep under identical structures, the 

best creep rate law for the intermediate stress range has not yet been 

j    i evaluated. This evaluation is important from a number of aspectss 

I 1. A knowledge of the creep law over the entire range of stresses 

' is of substantial importance to the design engineer. 
• 

2* The creep rate law over the intermediate ranges of stress will 

prove to be definitive in either acceptance or rejection of the suggestion 

that the creep rate depends en the hyperbolic sine of the stress over the 

entire range of stress. 

3« A definitive evaluation of the creep rate law over the inter- 

mediate stress range -ill assist in the development of more realistic 

theories of creep. These factors stimulated the following investigation* 

! 

: 
••••• 

\ 

MATERIALS AND TBCHHIQUBS 

The series of alpha solid solutions of magnesium in high purity 

aluminum identified in Table II were used In the present investigation. 

After machining, the specimens were annealed as described in Table II to 

achieve about the same grain size. 

All creep tests were conducted under constant load conditions, the 

temperature being held constant to within •l'C of the reported values* 

W IWi 1<W 
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TABLE n 

Chemical Analyses, Annealing Treatment end 

Grain Size of Aluminum Alloys Investigated 

! 

i 
S 

- i 

Atomic 
Percent 

MR 

Chemical Analyses 
(Wt. % Imparities) 

Annealing Treat- 
ment of As 

Received Stock 

Grain 
Dlam. 

(can) Cu Fe Si Mh Kg 

0 .000 .001 .000 .001 50 mins at 510^0 .08 

1.06 .001 .001 .001 .001 — 65 mins at'--540?C .08 

2.09 .001 .002 .001 .001 — 65 mins at 540?C .08 

3.12 .001 .002 .001 .001 — 60 mins at 600°C .08 

vwa* 
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The stress was measured to -within *20 psi and the creep strains to within 

•0.0001. 

EXPERIMENTAL RESULTS 

At sufficiently low creep stresses, the deformation is exclusively 

elastic and the initial plastic strain is zero. Typical examples of creep 

currys for such cases are given in Fig. 1 where the elastic component of 
I 

the strain has been subtracted from the total strain to give a true creep 

I       "-   ' 
strain.    Consequently the initial creep rates refer exclusively to the 

I 
! effect of stress on the creep rate since the initial structure is always 

! 

•»-*"• •••#•'; 

I 

•   i   - 

• : 

that for the previously annealed condition. As shown in Fig. 2 the initial 

creep rate is related to the stress according to 

£ ~ crn (ii) 

where n (the slope of the log £, versus log C" curve) is insensitive to 

the absolute temperature. This again suggests that the stress and temper- 

ature terms for high temperature creep are separable, as shown in Fig. 3, 

where 

ee RT ~ <rn (12) 

over the range of temperatures from 531* to 853®£. The fact that AH is 

36,000 c&l/stole in the low stress tests as well as for the previously re- 

ported high stress tests; further emphasizes the fact that the activation 

energy for high temperature creep is insensitive to the stress. 

Slndlar tests on the various alpha solid solutions of Kg in Al iden- 

tified in Table I are correlated in Fig, 4» Tiius, within the normal scatter 

~* *7?'"V. T*^-*- 
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in the data, 

-AH 
i   =   S'e   *T  dn (13) 

ashore  n  decreases -with alloying and the parameter 5   (obtained by extra- 
ct 

polatlng £6     r   to unit stress) for the annealed state is insensitive to 

alloying. 

Therefore these data suggest that the creep law for high temperatures 

is 

e- be 
AH 
RT f (tr) (14) 

,, BCT 
where S cp(CT) a S ' <T n   for intermediate stresses and S <f (&)  = S e 

for high stresses. Unfortunately the previously reported high stress 

tests^20*2^ did not extend to sufficiently low values to include the CT^ 

range and the intermediate stress tests reported above could not be extended 

to sufficiently high stresses to enter the €  range because of introduc- 

tion of the complicating factor of Initial plastic strainingc Thus the 

merging of the two ranges of conditions was not verified under a single 

test procedure but implied by two sets of results obtained under alternate 

test conditions. In order to provide unambiguous evidence of the merging 

of the two ranges of conditions, the additional tests documented in Pig. 5 

were undertaken. Here again the previously described decrease in stress 

technique was adopted in order to maintain the same structures for any one 

sequence of tests. Again the 6  relationship was observed to be valid 
BCT 

over the high stress range. But consistent deviations from the 6  re- 

lationship were obtained, as Bhown by the data of Fig. 5, at appropriately 

low stresses. As indicated in Fig. 6 the creep rate at these low stresses 

:- - •;-.• 
HI—IMI  I '  «W 



A.    I.I ATOMIC PERCENT MAGNESIUM   IN 
ALUMINUM   ALLOY 

PRECHEPT TO   £-0.077  AT   531 °K 
UNDER  A CONSTANT  LOAD OF 5500 PSI 

~oo5    aooo    3"6«5   4600 
0",  TRUE   STRESS, PSI 

—I T—T 1 1 r— 
O.   2.1 ATOMIC  PERCENT  MAGNESIUM 

m ALUMINUM  ALLOY 

PRECREPT  TO 6* 0.049 AT 531 *K 
UNOEtf A  CONSTANT   LOAD OF 7500 PSI 

 1 1 1 1 r 
C.   31 ATOMC PERCENT MAGNESIUM  IN 

ALUMINUM   ALLOY 

PRECPEPT TO  6*0.077 AT 431 *K 
UNDER A CONSTANT LOAO OF 10,000 PSI 

"666 2006 So66 4oo6 W6o 6600 6 
0", TRUE STRESS, PSI 

2000      4000     6000      8000     10,000 
.0", TRUE STRESS, PSI 

FIG. 5     EFFECT  OF STRESS ON THE  CREEP RATE AT A GIVEN STRUCTURE. 
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A.   II  ATOMIC PERCENT MAGNESIUM 

IN   ALUMINUM ALLOY 

PRECREPT  TO  £'0.077 AT 531 *K 
UNDER  A CONSTANT LOAD OF 5500 PSI 
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B.   2 1  ATOMIC  PERCENT MAGNESIUM  IN 

ALUMINUM   ALLOY 
PRECREPT  TO  6-0.049  AT 531 "K 

UNDER A CONSTANT   LOAD OF 7500 PSI 

——!—i—i—i 1 1—r—r- 
C.   3.1  ATOMIC PERCENT MAGNESIUM M 

ALUMINUM   ALLOY 

PRECREPT   TO   6 - 0.07? AT 531 *K 
UNDER A CONSTANT LOAO OF 10,000 PSI 

200 1000 
0", TP'JE STRESS, PSI 

200 1000 
a, TRUE  STRESS, PSI *7, TRUE STRESS, PSI 

FIG. 6 EFFECT OF STRESS ON THE CREEP RATE  AT A GIVEN   STRUCTURE. 
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besoms proportional to 0" . Thus it appears possible to go from 0 to 

tfae 6  law in one series of tests. 

If the two ranges of creep laws merely represent ranges of transition 
6<r   n 

of a single function from Q     to CT , the transition must occur at the 

case values of 6CT and CT Independent of the va3u»s of 8 and r l The 

data given in Fig. 7 reveals that the transition occurs at BO" = 1„5 -ahere- 

as the data of Fig. 8 shows that the transition occurs at 0"  =10 . 

The different elevations of the curves are ascribable to the different 

values of the structure sensitive parameters S or 5 . 

Therefore the validity of Eq. 14 for the cr^ep rate is quite well 

established. Careful examination of the data, however, clearly demonstrates 

that <^ (ex) is not the hyperbolic sine function. And thus far no single 

function has been found that will agree well with the data over the entire 

range of stresses employed, in spite of the proof given above that such a 

function exists. 

Up to the present only the initial creep rates following either the 

application of a low stress or the reduction of a precreep stress were 

considered. In both cases, however, transients were observed which are 

believed to be important in the formulation of an aecswate theory for high 

temperature creep. Upon initial loading to low stresses transients of the 

type shown in Fig. 9A were obtained, where with continued time at the stress 

the creep rate increased before creep entered the usual range of the primary 

stage of decreasing creep rates. Upon decrease of the stress the initial 

creep rate was always higher than those obtained af oer a jhort period of 

additional creep as shown in Fig. 9B. Such transients persisted only for 

small strains. 
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Another abnormality 'was observed In the decrease in stress type of 

data as shown in Fig., 10. The precreep datum Just before the decrease in 

stress is given by the * symbol. Not until the stress ins decreased more 
8<X 

than about 2000 psi below the precreep stress was the 6  relationship 

obtained. Similar observations were made in all tests undertaken and the 
8<X 

deviations of the final precreep datum from the extrapolated G  relation- 

ship was found to increase with increasing precreep stress. 

DISCUSSION 

The identity of the activation energy for high temperature creep 

with that for self-diffusion strongly suggests that high temperature creep 

is controlled by self-diffusion. Inasmuch as stress directed self-diffusion 

alone cannot account for the observed creep rates, it is probable that creep 

occurs by a dislocation climb process wherein the rate of self-diffusion 

determines> in part, the rate of climb. The insensitivity of the activa- 

tion energy term to the stress and the consequent separation of the temper- 

ature and stress effects into two independent multiplicative terms might 

at first appear unorthodox. 

In general the free energy for activation of a positive unit climb 

of a single dislocation will be Ah - T^s - (- §^ Q. ) where Ah is the 

activation energy for self-diffusion,AS is the entropy of activation, (- j— ) 

is the potential energy gradient in the direction of climb and a is the 

atomic climb spacing, k  similar expression applies for a negative climb 

process excepting that the sign preceding the potential energy term is 

changed because negative climb processes increase the energy of the system. 

Thus the net frequency of a unit climb is approximated by 

2kT0T0  *T  , . (/ d(J\ a. 

• 
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Mott's analysis  ' suggests that (~ Jy y is linearly dependent on the 

stress. But a simple calculation will reveal that (~ -r- j    • 0 when the 

dislocations from a single Frank-Read source are yet on their original slip 

plane. In general a shear stress in the direction of slip cannot promote 

climb. In fact In order to have a non-vanishing value of I- -rv j at a 

given dislocation it is necessary that surrounding dislocations be on other 

slip planes. Thus the value of (~ T~ ) that directs the climb of any one 

dislocation depends on the surrounding pattern of dislocations or, in other 

words, the structure. This structure Is dependent primarily on the pre- 

creep history and is evidently Insensitive to the instantaneous applied 

stress. The experimental evidence shows that [- ^- a. )  must be small 

since the total value of (Ah +• ~i   o. J  is known to be almost that for 

self-diffusion, namely Ah alone. If this is so, the hyperbolic sine term 

reduces to its argument and 

AS   _ £b 
V = -'-£ l-^'" 

where the exponential term now gives only the Ah term for self--diffusion. 

Under the assumption? ^de in this dislocation climb model for high 

temperature creep, straining takes place because the climbing dislocations 

result in a reduction of the back stress at a Frank-Head source and thua 

allow the generation of new dislocations. The actual details of this pro- 

cess are so complex that for the present they defy an accurate mechanistic 

—lalysis. But some concept of this process might be gained from a gross 

statistical approach to the problem. Let Nt *» the number- cf dislocations 

that have been generated by a single source. Let A be the ave:-:&; a area 

swept out by b-ch of these dislocations on their slip planes *her a single 

dislocation undertakes a unit climb. If N are the number of soi rces per 

Pm "EPIH !• I il MTHI .*S»: •sauwimii u^>mmmtmu^?!*mam(:****&* 
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unit volume the creep strain per unit climb ie 

£ =.    AMNt b 

and the creep rate becomes 

££     - — 
i = 2ANNC baf-3^)eK e kT 

In •   d> ' 
(15) 

do 
3h general therefore A ,  Nc and (~ jrj) must be given appropriate average 

values. Like (- T~ ) the values or A and Nc also depend on the instan- 

taneous structure. 

The number of active Frank-Read sources N depends on the applied 

stress and the distribution of source lengths. The stress necessary to 

promote creep at a "Frank-Read source  ' will be estimated to be 

<T ^ & (16) 

where   G " shear modulus 

i   _ 
o - Burgers veotor 

L " source length. 

The number of sources having lengths between L and L •+• d L can bo repre- 

sented by 

dN - ^'(L)dL (17) 

All sources having lengths greater than L c " ~  "ill be active under 

stress <T . And all such sources will remain active because the back : i- 
f v; stresses on these sources will be continually relieved by the climb process- 

Thus no exhaustion of sources takes place and 

N = jV^dl = y(LA  = <p(~)      (18) 

A 



! 

u 

•vwrnv*. 

> Consequently the creep rate is given by 

(19) 

For a given structure A , Nc and (- j^ ) are fix»d quant it ias and Eq. 19 

reduces to the experimentally verified law of Bq. 14. 

In addition to accounting for the observed dependence of the creep 

rate on stress and temperature, the theory exhibits other virtues. But 

in view of the simplifying averaging methods that were employed in lieu of 

a detailed mechanistic model of relea.se of new dislocations from Frank-Read 

sources, the theory cannot yet be expected to account for all of the ob- 

served facts. 

1. Primary Creep. According to the theorj primary creep is due to 

the decrease in the structure dependent term A Nc (- T— ) • But it is 

not immediately apparent that this product should decrease over the primary 
t 

range. 

I". 2. Secondary Creep. As creep continues under a given stress, the 

j    £_ dislocations will climb to subboundaries. . Finally a steady state pattern 

of dislocations will be obtained providing a basis for secondary creep. 

', ..\ 3. Tertiary Creep. Tertiary creep is extraneous to the simple dis- 

j   | location climb theory since it probably arises from condensation of vacan- 

cies and consequent growth of microcracks. It should be possible to in- 

Itroduce the essential features leading to tertiary creep and microfrarturing 

in the current model. 
f 

4. Mechanical Squation of State. According to the dislocation climb 

modal each stress produces its unique structure. At high stresses the 

number of climbing columns of dislocations is gre&ter due to the greater 

initial packing of dislocations along the slip plane* Thus the structure 

WM53WWS8* 
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developed daring a dislocation climb process will be stress dependent (and 

insensitive to the temperature) as -well as strain dependent in conformity 

with experimental observations. For this reason the creep rats becomes a 

function of the past stress history as well as the instantaneous conditions 

of test. Necessarily the mechanical equation of state fails to apply to 

creep.' ' 

5. Transients. Upon first loading (- -r— ) is small but as soon 

as a few dislocations climb above their original slip planes it should 

increase due to the then greater increase in the potential energy gradient 

in the climb direction. This is in conformity with the observed transient 

upon applying low sireooei;. 

Immediately upon decreasing the stress there exists a greater number 

of climbing dislocations than the steady stats number for that stress. 

Consequently the initial creep rate upon a decrease in stress is greater 

than the steady state value. 

6. Effects of Alloying. The preliminary estimate given by Bq. 16 

for the stress necessary to activate a Frank-Bead source neglected the 

effect of non-conservative losses. Thermal lattice vibrations and localized 

strain regions about solute atoms are sources of internal stresses that 

react with the moving dislocation. Since the energy of a system consisting 

of a single constant length straight dislocation is unmodified by its posi- 

tion in the crystal the energy required to move the dislocation through the 

stress field is dissipated thermally. Therefore the actual stress required 

to activate a source is somewhat larger than that given by Eq. 16, say 

T • («) 

u <•£«• 
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where k is a small quantity. Thus the function Cp of Bq. 19 takes the 

form 

Gb 

As suggested previously k increases with alloying. Consequently 

n of Bq. 14 should decrease with alloying. 

CCMCUJBIOfS 

1. The activation energy for high temperature creep of aluminum and 

its dilute alloys is insenuitive to the variables of stress and strain and 

approximates the value for self-diffusion. 

2. The creep rate equation for a constant structure is approximated 

by 

£ = 5e "(ST cp(o-) 

where £ •" creep rai«e 

5 " parameter that depends on the structure 

AH - activation energy for self-diffusion 

R - gas constant 

T • absolute temperature 

G* * stress 

j -' 

S<p(cr)- s'cr 
80* 

0"  < 'O   or    BO" «. US 

<rn ^ \o"  or    BCT ^ I.S" 

The creep rate does not appear to be a hyperbolic sine function of 

the stress. 

3. Most of the available experimental evidence strongly supports 

the dislocation climb model for high temperature creep. 

*- MHMHMnWNlVM ZK 



17 

ACKN08Lin»MENT5 

This investigation ia sponsored by the Office of Haval Research. 

The authors wish to thank the O.N.R. staff for their interest and full 

cooperation throughout this and related studies on the plastic properties 

of metals. The alloys used were supplied by the Aluminum Research Lab- 

oratories together with their chemical analyses* The authors also wish 

to acknowledge the assistance of Mr. Raymond L. Orr and Mr. Jack Lytton 

who contributed materially to this investigation. To Mrs. Q, Pelatowski 

sincere appreciation is extended for her preparation of the figures to 

this isport. 

•** • ii w— i ii rrwmm i • • 



! 

i 

i 

tmmm 

- 

r. 

# • 

I •— 

18 

REFERENCES 

1. 0.. C. Sherby and J. E. Dorn, "Creep Correlations in Alpha Solid Solu- 
tions of Aluminum", Transactions, AME, vol. 194, 1952, pp. 959-964. 

, 2. 0. D. Sherby and J. E. Dorn, "Some Observations on Correlations be- 
tween the Creep Behavior and the Resulting Structures in Alpha Solid 
Solutions", Transactions, AIME, vol. 197, 1953, pp. 324-330. 

3. 0. D. Sherby, R. L. Orr and J. E. Dora, "Creep Correlations of Metals 
at Elevated Temperatures, Journal of Metals, AIME, January 1954, 
pp. 71-80. 

4. R. L. Orr, 0. D. Sherby and J. E. Dorn, "Correlations of Rupture Data 
for Metals at ELevated Temperatures", Transactions, ASM, vol. 46, 
1954, pp. 113-128. 

5. B. Jazan, 0. D. Sherby and J. E. Dorn, "Some Observations on Grain 
Boundary Shearing During Creep", Journal of Metals, AIME, August 1954., 
pp. 919-922. 

6. R. Becker, "Uber die Piastizitat amorpher und kristalliner fester 
Korper", Physikalische Zeitschriftj vol. 26, 1925, pp..919-925. 

7. R. Becker, "Uber Piastizitat, Veriestigung und Rekrystallization", 
Zeitschrift fur Tech. Physik, vol. 7, 1926, p. 547-555. 

8. E. Orowan, "Crystal Plasticity I, II, in", Zeitschrift fur Physik, 
TOT. f?9, 1934, pp. 605-659. 

9. E. Orowan, "The Creep of Metals", Journal, West of Scotland Iron and 
Steel Institute, February 1947. 

10. W. Kauzman, "Flow of Solid Metals from the Standpoint of the Chemical- 
Rate Theory", Transactions, AIME, vol. 143, 1941, pp. 57-83. 

til. N. F. Mott, "A Theory of Work Hardening of Metals, H. Flow without 
Slip lines, Recovery and Creep", Philosophical Magazine, vol. 44, 
Series 7, July 1953, pp. 742-765. 

12. B. Chalmers, "Microplasticity in Crystals of Tin", Proceedings, Royal 
Society, London, vol. 156, 1936, pp. 427-443. 

13. K. E. Puttick and R. King, "Boundary Slip in Bicrystals of Tin", 
Journal, Institute of Metals, 1952, vol. 80, pp., 537-544. 

14. F. H. Buttner, E. R. Funk and H. Udin, "Viscous Creep of Gold Wires 
Near the Melting Point", Transactions, AIME, vol. 194, 1952, pp. 401-407. 

15. B. M. Alexander, M. E. Dawson and H. P. KLing, "The Deformation of 
Gold Wire at Elevated Temperatures", Journal of Applied Physics, 
vol. 22, 1951, PP. 439-443. 



•;• 

• ' 

I  v. 

19 

16. P. H. Norton, "Creep of Steel at High Temperatures", McGiaw Hill, 
New Tork, 1929. 

17. 1. S. Servi and N. J. Grant, "Creep and Stress-Rapture Behavior of 
Aluminum as a Function of Purity*, Tranoactions, AIME, 1951, vol. 191, 
pp. 909-916. 

18. S. Duahman, L. W. Dunbar and H. H. Huthsteiner, "Creep of Metals", 
Journal of Applied Physics, vol. 15, 1944, pp. 108-124. 

19. A. Nadai, "The Influence of Time Upon Creep. The Hyperbolic Sine 
Creep law", Stephen Timoshenko Anniversary Volume, HacHLllan, New Tork, 
1938, pp. 155-170. 

20. 0. D. Sherby, R. Frenkel, J. Nadeau and J. E* Dorn, "Effect of Stress 
on the Creep Rates of polycrystalline Aluminum Alloys under instant 
Structure", Journal of Metals, AIME, February 1954, pp. 275-279. 

21. R. E. Frenkel, 0. D. Sherby and J. B. Dorn, "Effect of Cold Work on 
the High Temperature Creep Properties of Dilute Aluminum Alloys", to 
be published in Transactions, ASM, 1955. 

22. P. C. Frank and W. T. Read, Jr., "Multiplication Forces for Slow 
Moving Dislocations", Physical Review, 1950, vol. 79, pp. 722-723; 

I 
( 

* 

«MMW 

• — — 



1 

DISTRIBUTION LIST 

mgmmem 

Report No. 

Chief of Naval Research, Dept. of Navy, Washington, Attn: Code 423 .... 1-2 
Chief of Naval Research, Dept. of Navy, Washington, Attn: Code 421 .... 3 
ONR Branch Office, New York  4 
ONR Branch Office, Chicago   5 
ONR Branch, Pasadena ,  6 
ONR Branch, Sen Francisco . »  7 
Director, Naval Research Lab., Wash., Attns Teet. Inf. Officer   8-13 
Director, Naval Research Lab», flash., Attni Dr. Q. I. Irsin, Code 510 . -. > 14 
Director, Naval Research Lab., Wash., Attn: Code 3500, Metallurgy Div. . . 15 
Director, Naval Research Lab., Wash.. Attn: Code 2020, Tech. Lib  16 
Director, Materials Lab. N.Y. Naval Shipyard, Attni Code 907   17 
Asst. Naval Attache for Research (London), New York  18-23 
Commanding Officer, Naval Air Mat. Ctr., Philadelphia, Aern. Mat. Lab ... 24 
Commanding Officer, U.S. Naval Ord. Test Sta. Inyokem, Calif  25 
Commanding Officer, U.S. Ord. Lab., White Oaks, Md  26 
Commanding Officer, Nav, Proving Ord., Dahlgren, Va., Attn: Lab. Div. ... 27 
Commanding Officer and Director, Davi .1 Taylor Model Basin, Wash. - . . . . . 28 
Superintendent, Naval Gun Factory, Wash., Attnt Big, Res. & »ral. Div., 720 29 
Bureau of Aeronautics, Dept. of Navy. Wash., Dr. N. E. Promise!, AE-41 . . . 30-32 
Bureau of Aeronautics, Dept. of Navy, Wash., Attni Tech. Lib  33 
Bureau of Ordnance, Dept. of Navy, Wash., Attnt ReX  . . . 34-36 
Bureau of Ordnance, Dept. of Navy, Wash., Attnt Tech. Lib. Ad3 . . • <• • - 37 
Bureau of Ordnance, Chief, Dept. of Navy, Wash., Attnt Re3a   38 
Bureau of Ships, Dept. of Navy, Wash., Attn: 343   39-41 
Bureau of Ships, Dept* of Navy; WA8h., Attn: Code 337L, Tech. Lib  42 
Bureau of Yards & Docks, Dept. of Navy, Wash.,. Res. & Stands. Div. ..... 43 
U.S. Naval Academy, Fost Grad* School, Monterey, Calif., Metall. Dept; ... 44 
U.S. Naval Engineering Expt. Station, Annapoli3, Attn: Metals Lab  45 
Chief of Staff, U.S. Army, Wash,, Attn: Div. of Res. & Development .... 46 
Office of Chief of Engineers, Dept. of Army, Wash., Res. & Develop. Bd. . . 47 
Office of Chief of Ordnance, Dept. of the Awny, Wash., Attnt ORDTB .... 48-49 
Commanding Officer, Watertown Arsenal, Mass., Attn: lab. Div  50 
Commanding Gsnsrsl, Wright Air Develop. Ctr., Dayton, Mat. Lab. iWCRT) . . . 51-52 
Wright Air Develop. Ctr., Dayton, Attn: Metall. Grp. (WCRRL)   53 
U.S. Air Forces, Washington, Attn: Res. & Develop. Div. .  54 
Frankford Arsenal, Philadelphia, Attnt Dr. Harold Markus  . 55 
Office of Ordnance Res., Duke University, Durham, N.C., Dr. A.G. Guy .... 56 
Armed Services Tech. Inf. Agency, Dayton  57-61 
Office of Technical Services, Washington   62 
U.S.A.B.C. Div. of Research, Wash.; Attnt Metall, Branch   .... 63 
U.S.A.E.C. Div. of Research, Wash., Attnt Dr. D. W. Lillie  64 
U.S.A.B.C. Washington, Attn: Tech. Lib., F.W. Simpson  65-66 
U.S.A.E.C. Mound Lab., Miamisburg, Ohio, Attn? Dr, <L J, Burbage   67 
U.S.A.E.C. N.Y. Operations Office, N.Y., Attn: Div. of Tech. Inf  68 
U.S.A..E.C. Library Branch, Oak Ridge, Term  69 
Argonne National Lab., Chicago, Attn: Dr. Hoylande D. Young   70 
Brookhaven National Lab., Upton, N.Y., Attn: Res. Library   71 
Carbide L Carbon Chem. Div., Oak Ridge, Central Files (K-25)   72 
Carbide S. Carbon Chem. Div., Oak Ridge, Central Files & ]hf. Off. (Y-12) . . 73 
General Electric Co., Richland, Washington, Attnt Miss M.G. Freidank ... 74 
Knolls Atomic Power Lab., Schenectady, Attnt Document Librarian   * 75 

»....*». n»1iir»«—***•>• • • • - ..Ku^y.VJ'**'*' 



DISTRIBUTION LET 

3 

Report No. 

Los Alamos Scientific Lab., Los Alamos, ft. 2i., Attnj Document Custodian . . 76 
Nort . American Aviation, Downey, Calif. Attni Ear. T. A. Coultas  77 
Oak Ridge Nat. Lab., Oak Ridge, Attn: Dr. J. H. Fry©, Jr  . 78 
Oak Ridge Nat. Lab., Oak Ridge, Attn: Central Fiiea .  , . . . 79 
Sandia Corporation, Albuquerque, New Mexico, Attn: Mr. Dale M. Evans ... 30 
University of Calif., Berkeley, Radiation Lab., Attn: Dr. R.K. Wakerling . 81 
Hycalex Corp. of America, Attn: Mr. R. P. Wallace  82 
Westinghouse ELee, Co. Atomic Fewer Div., Pittsburgh, Attni Librarian ... 83 
National Advisory Committee for Aeronautics, Washington   84 
National Bureau of Standards, Wash., Attn: Phys. Metall, Div  85 
National Bureau of Standards, Wash., Attn: Tech. Lib  86 
National Research Council, Wash., Attn: Dr. Finn Jonassen   ... 87 
Research & Development Board, Hash., Attn: Hetall. Pnnel   88 
Australian Embassy, Sci. lies. Liaison Office, Washington  89 
Armour Research Foundation, Chicago, Attn: Dr. W. S. liahin  90 
Battelle Memorial Institute, Columbus, Attn: Dr. H, C. Cross   91 
General Electric Co., Schenectady, Attn: Dr. J. H. Holiomon   92 
University of California, Dept. of Engineering, Berkeley   93-107 
Professor W. M. Baldwin, Jr., Csse Institute of Technology, Cleveland . ... 108 
Professor P. A. Beck, University of Illinois, Urbana, 111  109 
Professor D. S. Clark, Calif. Institute of Tech., Pasadena, Calif  110 
Professor M. Cohen, Massachusetts Inst. of Technology, Boston ....... Ill 
Professor B. D. Cullity, University of Notre Dame, South Bend, Indiana . . . 112 
Professor T. J. Dolan, University of Illinois, Urbana, HI. ........ 113 
Professor Hoary Eyring, University of Utah, Salt Lake City, Utah  114 
Professor N. J. Greet, Massachusetts Inst. of Technology, Boston   . 115 
Professor C. W. MacGregor, University of Pennsylvania, Philadelphia .... 116 
Professor E. Machlins Columbia University, New York City  117 
Professor Robert Maddin, Johns Hopkins. Baltimore, Md  ... 118 
Professor R. F. Mehl, Carnegie Institute of Technology, Pittsburgh, Pa.  . • 119 
Professor N. M. Newmark, University of Illinois, Orbana, 111.  120 
Professor E. R. Parker, University of California, Berkeley   121 
Professor W. Prager, Brown liiiversity, Providence, R,1  122 
Professor George Sachs, Syracuse Univ., East Syracuse, N.Y, ...»«... 123 
Professor 0. Cutiar Sheparu, Stanford University, Palo Alto, Calif  124 
Professor C. S. Smith, University of Chicago, Chicago   125 
Professor F, H. Spedding, Iowa State College, Ames, Iowa  126 
Professor S. Weissman, Rutgers IMversity, New Brunswick;, N. J.  127 



I 

. 

* 

-1 

Armed Services Technical Information Agency 
Because of our limited supply, you are requested to return this copy W*E** n HAS SERVED 
YOUR PURPOSE so that it may be made available to other requesters  ^toxu' cooperation 
will be appreciated. 

NOTICE:   WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATION? 0R OTHER DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A u®FINrrELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS 
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE MCT THAT THE 

GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY:SUPPLIED THE 

SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REtf ^R^0 BY 

IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOI0211 OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSIC53* TC MANUFACTURE, 
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE jtELATED THERETO. 

Reproduced    by 

DOCUMENT SERVICE CENTER 
KNGTT BUILDING, DAYTON, 2, OHIO 


	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035

